The effect of Mg doping on the electrical properties of pure ZnO and Al-doped ZnO, Al-2N co-doped ZnO have been investigated. It was found that after Mg doping, the bandgap values increased with the increase of Mg doping concentration. After Mg was doped into the Al doped ZnO structure, it was found that as the Mg doping contents increased, the CBM gradually moved toward the higher energy direction, the VBM gradually moved toward the lower energy direction, resulting in an increase of the band gap. After Mg was doped into the Al-2N co-doped structure, the band structure of Al-2N-Mg co-doped ZnO had a shallow acceptor level, indicating that the incorporation of Mg is beneficial for the electrical properties of p-type ZnO. The absorption of Al-2N-Mg co-doped ZnO is higher than that of Al-2N co-doped ZnO in the range of the visible region, which has a significant meaning for the applications on solar cell devices.
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Introduction
For the past few years, ZnO has been studied as the promising material used in the electronic and optoelectronic devices such as solar cells (Guo et al., 2017) , detectors (Modwi et al., 2017) , sensors (Giri and Chakrabarti, 2016) , flat panel display (Azzez et al., 2017) and spintronics (Bakhsheshi-Rad et al., 2017) . ZnO has the advantages of wide bandgap (3.37 eV) and large exciton efficiency at room temperature (Yu et al., 2016) , and the features of non-toxic and inexpensive, which meet conform to the application requirements for renewable energy. Pure ZnO cannot apply directly to the optoelectronic devices because of the disadvantages of high resistivity and poor stability . The common improvement measures are doping IIIA elements to get n-type ZnO and V to get p-type ZnO, some preliminary research achievements of our group have been already done Li et al., 2011) .
The tunability of ZnO bandgap has great values for its application in optoelectronic devices. Mg is considered as the most promising element to achieve it. The tetrahedral ionic radius of Mg 2+ is about 0.57 Å which is very close to the ionic radius of Zn 2+ (~0.60 Å) (Balakrishnan et al., 2011) , generating that the ZnO crystallinity increased without changing the wurtzite structure by doping Mg, as the bandgap of MgO (7.8 eV) is higher than the 3.37 eV of ZnO (Labhane et al., 2018) . Some researchers also found that the formation of native defects of ZnO can be consequently reduced by doping Mg (Verma et al., 2017; Shan et al., 2004; Benzitouni et al., 2018) . Our preliminary works have studied the optical and electrical properties of n-type Al-doped ZnO and p-type Al-2N co-doped ZnO, the introduction of Mg impurity in n-type or p-type ZnO has large values in the band-gap engineering. This paper analyses the causes of the electrical conductivity and optical properties of Mg-doped n-type Al-doped ZnO and p-type Al-2N co-doped ZnO by first-principles method.
Model construction and computational method
Theoretically, the ZnO crystal belongs to the P63mc space group and the stable phase is hexagonal structure. The lattice constants of ZnO are 0.325 nm (a, b) and 0.521 nm (c), bond length of Zn-O is 0.1992 nm along c-axis and 0.1973 nm in the other directions (Zhao et al., 2004) . The models we chose are 2 × 2 × 2 supercell which can be obtained by expanding the ZnO primitive cell in the a, b and c directions, respectively. This paper will mainly study the effect of electrical and optical properties of Al-doped ZnO and Al-2N co-doped ZnO after doping Mg element. This calculation is performed by the Cambridge Sequential Total Energy Package (CASTEP) (Wu et al., 2015) of first principles which based on the density functional theory (DFT) and the plane-wave pseudo-potential using Vanderbilt-type ultrasoft pseudopotentials. Among that, the pseudo-potential is used to describe the interactions between the atomic core and valence electrons. The generalised gradient approximation (GGA) in the Perdewe Burkee Eruzerhof (PBE) scheme (Fu-Chun et al., 2009) , respectively. To make sure the calculation curacy, the maximum cut-off energy of plane-wave is 400 eV and the Brillouin-zone sampling mesh k-point parameters is set as 3 × 3 × 2 of the wurtzite structures. The self-consistent convergence precision is set to 5 × 10 -6 eV per atom and all the internal stress is not greater than 0.02GPa. As the underestimate of band gap, the optical properties are amended by scissor.
Results and discussions

Band structure of Mg-doped ZnO and Mg-doped Al-ZnO
Before analysing the electrical properties of Mg doping structure, the band structure of pure ZnO is investigated first. As shown in Figure 1 , the Fermi level is defined as the 0 eV of the line (dashed line). The Fermi level of pure ZnO is located at the valence band maximum (VBM), which means the pure ZnO is almost non-conducting. The VBM and the conduction band minimum (CBM) are located at the same point of G position, indicating that ZnO has a direct band structure. The calculated band gap of pure ZnO is 0.7292 eV, smaller than the 3.37 eV of experimental value, which is caused by the underestimate of GGA function that has been confirmed by many scholars (Jaffe et al., 2000; Erhart and Albe, 2006) . Figure 3 shows the band structure of Al-doped ZnO and Mg-doped Al-ZnO. As the excellent electrical properties of Al-doped ZnO, we have studied the electrical properties of Al-doped ZnO by different Al doping concentration (Zhao et al., 2016) , and found that the 6.25at.% Al-doped ZnO (Al 0.0625 Zn 0.9375 O) had the best electroconductivity. In this paper, the electrical of Mg-doped Al 0.0625 Zn 0.9375 O model is studied to find the effect of Mg element doping. Combined Figure 3 with the curves in Figure 4 , it can be seen that the band gap of Mg-doped Al 0.0625 Zn 0.9375 O has an increase with the increase of Mg doping contents. Figure 4 shows the VBM, CBM, and band gap of Al-doped ZnO superlattice at different Mg doping contents. It can be found that as the Mg doping contents increases, the CBM gradually moves toward the higher energy direction, the valence band gradually moves toward the lower energy direction, resulting in an increase of the band gap. After Al-doped into ZnO, the conductivity type exhibits donor-type conductivity, and the donor impurity level is 0.215 eV away from the CBM. After the incorporation of Mg ion to the Al 0.0625 Zn 0.9375 O, the dopant impurity levels away from the conduction band are 0.259 eV, 0.272 eV, 0.227 eV and 0.164 eV, respectively, as the Mg doping concentration increases. The Mg doping concentration increases with the doping amount of Mg ions. The depth of the impurity level is first deepened and then decreased, that is, the excited ability of the electron is weakened first and then enhanced. When the Mg doping concentration is 6.25at.%, the distance value of impurity level away from the position of the CBM is less than the situation of undoped Mg. It shows that 6.25at.% Mg-doped Al 0.0625 Zn 0.9375 O has a better conductivity.
Electrical properties of Mg-Al-2N co-doped ZnO
From above we can know that the incorporation of Mg mainly affects the band gap of ZnO and the electrical properties of n-type Al 0.0625 Zn 0.9375 O. What's more, the effect of Mg doping to p-type ZnO has important meaning for the application of optoelectronic device. In this paper, the Mg doped into Al-2N co-doped ZnO has been investigated. As to the p-type ZnO, we have studied before and found that Al-2N co-doped ZnO had the best electrical and optical properties (Yang et al., 2015) . The model of Mg-doped Al-2N codoped ZnO (Al-2N-Mg co-doped ZnO) is shown in Figure 5 . Figures 6 and 7 show the band structure of Al-2N-Mg co-doped ZnO and Al-2N co-doped ZnO, respectively. From Figure 6 (a), it can be seen that there is an impurity band at -40 eV, comparing with the band structure of Al-2N co-doped ZnO showed in Figure 7 , which may be due to the incorporation of Mg, and Figure 6 (b) shows the band structure of Al-2N-Mg co-doped ZnO near the Fermi level, it can be seen that the impurity level is located above the valence band and exhibits p-type conductivity. The distance between the impurity level and the top of the valence band is 0.084 eV, smaller than that of 0.26 eV of Al-2N co-doped ZnO, indicating that the Al-2N-Mg co-doped ZnO structure has a shallow acceptor level, and the incorporation of Mg is beneficial for the electrical properties of p-type ZnO. Figures 8 and 9 show the DOS of Al-2N co-doped ZnO and Al-2N-Mg co-doped ZnO, respectively. From Figure 8 , it can be seen that the VBM of Al-2N co-doped ZnO is mainly controlled by N2p, O2p and Al3p states. After doping into Mg, as shown in Figure 9 , the impurity band appeared at -40 eV is mainly controlled by Mg2p. The doping of Mg does not affect band structure of near Fermi level area. The energy level at -17.5 eV is contributed by O2s and Al3s and Al3p states, and the energy level at -13.0 eV is controlled by N2s, Al3s, and Al3p states. The impurity level of Al3p and N2p states have contributes to the VBM. 
Optical properties
In the linear response range, the medium optical properties can be expressed by the complex dielectric response function as ε(ω) = ε 1 (ω) + iε 2 (ω), where, ε 2 (ω) represents the imaginary part of dielectric functions which can be obtained by the matrix elements of the wave function of the occupied state and non-occupied state. ε 1 (ω) represents the real part of dielectric functions which can be calculated by using the relational expression of Kramers-Kronig. The optical parameters of absorption coefficient (ω), reflectively R(ω) can be calculated by the formulas as follows (Hu et al., 2016) :
As is well known, the ε 2 (ω) is a significant bridge between the microscopic physical interaction and the electrical structure of solid material, and it contains much information on the relationship between energy band structures and spectra. The peaks of ε 2 (ω) are corresponding to that of the reflectivity, and the peaks of ε 1 (ω) are corresponding to that of the absorption. The imaginary part of dielectric function ε 2 (ω) and real part of dielectric function ε 1 (ω) are given in Figure 10 and Figure 11 of different doping cases. It can be seen from Figure 10 that the dielectric imaginary part ε 2 (ω) has a certain opening threshold, and there are two obvious peaks, locating at about 2.98 eV and 9.22 eV, respectively. The imaginary part ε 2 (ω) of Al-2N-Mg co-doped ZnO has a slightly red shift compared with that of Al-2N co-doped ZnO, and the value has a significant increase at the point of about 2.98 eV. In Figure 11 , the real part of dielectric function ε 1 (ω) of Al-2N-Mg co-doped ZnO has a slightly red shift compared with that of Al-2N co-doped ZnO, and the values increase significantly in the lower energy areas. The dielectric function real part constants ε 1 (0) of Al-2N co-doped ZnO and Al-2N-Mg co-doped ZnO are 3.797 eV and 5.337 eV, respectively. Figure 12 shows the absorption spectra of Al-2N co-doped ZnO and Al-2N-Mg co-doped ZnO. There are mainly two absorption peaks located at the ultraviolet region of 115.87 nm and 367.15 nm, respectively. They are almost unchanged at the range of 0-200 nm, and the absorption value of Al-2N-Mg co-doped ZnO has a significant increase compared to that of Al-2N co-doped ZnO near the peak of 367.15 nm. What is more, the absorption value of Al-2N-Mg co-doped ZnO is higher than that of Al-2N co-doped ZnO in the range of 380 nm~800 nm of the visible region, which has a significant meaning for the applications on solar cell devices. Figure 13 shows the reflectivity of Al-2N co-doped ZnO and Al-2N-Mg co-doped ZnO. The reflectivity curve mainly has three peaks, which is a sharp peak at about 81.97 nm, a narrow weak peak at 110.78 nm, and a broad peak at about 400 nm. The reflectivity of Al-2N-Mg co-doped ZnO has an obvious increase near the 400 nm compared to the Al-2N co-doped ZnO. When the wavelength is greater than 800 nm, the reflectivity shows a gentle change trend.
Conclusions
In this paper, the first-principles method based on DFT has been used to calculate the influence of the incorporation of Mg on the electrical properties of pure ZnO and Al doped ZnO, and the influence of Mg doping on the electrical and optical properties of Al-2N co-doped ZnO. It has been found that after Mg was doped into pure ZnO, the bandgap value increase with the increase of Mg doping concentration, and Mg doping does not affect its electrical properties. After Mg was doped into Al doped ZnO (Al 0.0625 Zn 0.9375 O), it was found that as the Mg doping contents increases, the CBM gradually moves toward the higher energy direction, the valence band gradually moves toward the lower energy direction, resulting in an increase of the band gap. After Mg was doped into the Al-2N co-doped structure, the Al-2N-Mg co-doped ZnO structure had a shallow acceptor level, indicating the incorporation of Mg is beneficial for the electrical properties of p-type ZnO. The absorption value of Al-2N-Mg co-doped ZnO is higher than that of Al-2N co-doped ZnO in the range of 380 nm~800 nm of the visible region, which has a significant meaning for the applications on solar cell devices.
